In recent years, the investigation of leader tortuosity in long air discharge is brought into focus, for it is the main factor that influents the 50% breakdown voltage and can be used to validate and test the discharge modes in the design of long air gap dimension. In order to find out whether the test data of the whole leader channels are accuracy to represent the leader propagation paths, a discharge test of a 4 m rodplane air gap subjected to switching impulse voltage is carried out. And an observation platform is set up to synchronously record the voltage waveforms, the discharge currents, the leader propagation processes and the whole leader channels. A new method is proposed to subtract the final-jump part from the whole leader channel by identifying the leader tip height at the initiation of the final jump (LTH for short) from the CCD image. Then the test data of LTH and the leader propagation path are statistically obtained. And probability density functions (PDFs for short) of three different angles between consecutive segments of the leader propagation path are used to quantitatively describe the leader tortuosity. According to the analysis of the results, the mean value of LTH is nearly half the gap length in the gap axial direction. And an obvious difference can be discovered when comparing PDFs of the leader propagation paths with those of the whole leader channels. A conclusion to account for the difference is deduced that the leader paths during the final jump are much straighter than those during leader propagation. In the end, the present work recommends that the final-jump part should be subtracted from the whole leader channel when the test data of leader tortuosity are used in the numerical model for positive long air discharge.
I. INTRODUCTION
Air is the main insulation media in electric power grid. The long air gaps in electric power grid are subjected to overvoltage caused by lightning strikes or switch operations, whose length should be long enough to avoid unexpected flashovers and also has to be as far as short for economic and environmental conditions. In the design of air gap dimension, care has to be taken in accurately evaluating the 50% breakdown voltage (U 50% ) and its statistical variation [1] - [3] . Relevant experiments and theoretical model analysis shows that leader tortuosity and its fluctuation are the main factors that influent the 50% breakdown voltage and its statistical distribution [4] , [5] . Therefore, the investigation of leader The associate editor coordinating the review of this manuscript and approving it for publication was Xue Zhou . tortuosity in long air discharge has important engineering practical value.
Positive polarity and rod-plane configuration, which has some advantages in theoretical analysis and industrial application, is used as the most critical situation for an air gap from the dielectric point of view [6] - [9] . As early as 1970s, extensive laboratory work by Les Renardières group on positive long rod-plane air gaps depicts properly the chronological sequence of the breakdown discharge which consists of three main phases: first corona formation, leader progression and final jump [7] - [10] . The discharge begins at first corona formation. After that, with the current supplied by a diffused corona region at the tip of the leader channel, the leader initiates and propagates toward the plane. While the corona front at the leader tip reaches the earthed plane, the final jump is initiated and breakdown is inevitable.
In 1975, Baldo and Gallimberti put forward the earliest method to represent leader tortuosity, which assumes that the leader path is composed by a number N of elementary steps of amplitude dx and each single step may be either vertical or horizontal, with elementary probabilities p and q = (1 − p). The values of p and q have been derived from the probability distribution of the leader propagation time based on the experimental results that the mean velocity of the leader tip along the path of leader propagation can be taken as a constant for a fixed value of the applied voltage [3] , [4] . Soon afterwards, Hutzler proposes another method to represent the leader path by the angular deflection θ with respect to the vertical direction and the leader path is built up step by step with a Monte Carlo procedure [9] , [11] .
In 1989, Rizk puts forward a new mathematical model for continuous leader inception and 50% breakdown voltages of long air gaps using common electrode arrangements under positive switching impulses with critical time-tocrest [12] , [13] . In 1994, Bondiou and Gallimberti establish a self-consistent physical model to simulate the discharge process and calculate the 50% breakdown voltage by just inputting the electrode geometry and the applied potential wave-shape [14] . The two models, which are modified or simplified by other scholars, are widely used in the prediction of long air gap discharge voltage of electric energy transmission system and in the modeling of upward leader initiating from ground structure under downward lightning leader [5] , [15] - [19] . But none of these models considers the leader tortuosity for the lack of original experimental data, just assuming the leader straightly propagates along the axial direction of the air gap. In 2009, Arevalo and Cooray consider that it is necessary to research on leader channel tortuous distributions to validate and to continue testing Rizk and Gallimberti leader models [5] .
With the development of observation devices and digital data record and processing techniques, Chinese scholars have carried out a series of long air gap experiment for the construction of China UHV power grid in recent years [20] - [28] , and propose the third method for the three-dimensional (3-D for short) representation of leader tortuosity by three different angles (α, θ , and ϕ) [21] . In 2016, Diaz and Cooray use the same characterization method to study the leader tortuosity by setting up 7m and 8m rod-plane air gaps subjected to positive switching impulse voltage [29] . In 2016 and 2018, based on their test data, Diaz, Arevalo and Cooray study and establish a numerical model for positive long air gap, considering the 3-D geometries of leader path [30] , [31] .
But their test data of leader tortuosity represent the whole leader channel which consists of two parts: the leader propagation path and the final-jump part. The former one starts from the rod at the leader initiation and ends at the final jump initiation, while the latter one starts from the final jump initiation and ends at the plane electrode. And from the view of the discharge physical processes, the leader tortuosity data used in the physical model should just represent the leader propagation path because the final jump initiation means the inescapability of the breakdown and the end of the simulating calculation. Therefore, the leader tortuosity difference between the whole leader channel and the leader propagation path need to be studied.
In the present work, long air gap discharge test was carried out with a 4 m rod-plane air gap subjected to positive switching voltages. An observation platform was set up, and the voltage waveforms, the discharge currents, the leader propagation processes and the whole leader channels were synchronously recorded. A method was proposed to subtract the final-jump part from the whole leader channel to gain the leader propagation path. The test data of the leader propagation path was contrasted with that of the whole leader channel published by Diaz and Cooray. The result showed a distinct difference. An assumption was proposed to explain the reason that causes the difference. The investigation of leader tortuosity in long air discharge has important theoretical research and engineering application value. 
II. EXPERIMENTAL SETUP
The schematic diagram of the experimental setup is shown in Fig. 1 . The experiments were performed at the indoor UHV test hall of Anhui Electric Power Research Institute of State Grid Corporation of China. A 4.8 MV Marx generator was used as the power source to generate positive switching impulse with a rising time of 250 µs applied on a rod-plane gap. The rod was hollow and with a length of 2 m, in which the current measurement device was laid. The tip of the rod was a semi-sphere with a diameter of 1.5 cm, which connected with the current sensor, but was insulated from the rod by an insulating plug, to prevent the displacement current generated by the rod body from flowing through the current sensor. The rod was hung 4 m above the plane. A sheet of aluminum plate was laid on the plane, which was 6 m × 6 m and well grounded.
In order to gain a complete description of the phenomena occurring during the discharge, electrical and optical measurements were performed. The voltage was measured with a series damped capacitor divider and used to synchronize the various measuring devices. The discharge current injected into the gap was measured via a time-resolved digital optical fiber transmission system, which consisted of a non-inductive resistance current sensor (CS) and a digital optical fiber transmission system [25] . Two still cameras, located at right angle with a distance of 5 m away from the gap axis, looked at the whole gap to record the leader path. On the opposite of one still camera, a high speed CCD camera (FASTCOM SA5) with a Canon lens (8-48mm f/1.0) was placed at 20m away from the gap axis to take video of the leader propagation along the gap at a speed of 150 kfps. The hall temperature was 6 • , the atmospheric pressure was 1010 kPa and the humidity was around 66% (absolute humidity, 4-5 g/m 3 ). All optical observations were carried out in the dark environment to avoid the disturbance of other light sources.
III. METHOD OF RECONSTRUCTION OF LEADER PROPAGATION PATH
In order to efficiently obtain the whole process of breakdown discharge phenomenon, the impulse generator was set to a crest value of 1.3 MV, 6% higher than the measured gap U 50% for a 4 m rod-plane electrode arrangement, to efficiently get a total of 17 recorded shots of the breakdown events. A set of typical observation records for one shot, which consists of discharge photographs and the synchronous recording of voltage-current diagram, is illustrated in Fig. 2 .
A. TYPICAL LEADER PROPAGATION PHENOMENON
The fast CCD camera was located to observe the leader propagation processes. As shown in Fig. 2 -a, the first corona incepts at 10.8 µs, which represents the first observable ionization processes taking the form of filamentary channels or streamers. Hereafter, there is a dark period that no ionization process is detectable. After the dark period, the leader initiates at 24.13 µs, and continuously propagates with a diffused corona region at its tip. The velocity of its propagation is nearly 1cm/µs. The final jump is initiates at 157.39 µs with the leader channel obviously more enlarging and brightening. Once the leader tip reaches the ground plane at 164.05 µs, the brightest frame is recorded and finally the whole channel cools down and fades away.
As shown in Fig. 2-b , corresponding to this process, the voltage double-exponentially rises until the final jump is reached and the voltage begins to collapse. The discharge current starts with a large first corona impulse of nearly 7 amperes, and falls to nearly zero during the dark period. Then the leader initiates with an inception current impulse of nearly 1 ampere. The leader current maintains several hundred milliamperes during its continuous propagation. Finally, the current sharply increases in the final phase with the initiation of the final jump and collapses after the whole channel cools down.
B. RECONSTRUCTION OF LEADER PROPAGATION PATH
Following the methodology presented in [29] , the original full-color and high-resolution images from the two still cameras were processed using the Matlab@ Image Process- ing Toolbox to find the leader path between the rod tip and the ground plane. Projective geometry was applied to the data pairs of each image (from the views of two orthogonally arranged static cameras) to obtain the Cartesian orthogonal three-dimensional location for each discharge (each segment equals ca. 0.02m of leader path). Segments of the leader path were reconstructed from the extracted point coordinates. In order to reconstruct the leader propagation path, this paper provides a method to subtract the final jump part from the whole discharge channel by the test data records of CCD and two still cameras. Firstly, select the coupled original photos from two still cameras as shown in Fig. 3-a and Fig. 3-b , and the corresponding frame of original photo at the initiation of the final jump from fast CCD camera (''final jump frame photo'' for short) as shown in Fig. 3 -c. Then, use Matlab@ Image Processing Toolbox to compare the final jump frame photo with the whole leader channel photo in the gap axial direction, and thus determine the leader tip height at the initiation of the final jump (LTH for short). Finally, subtract LTH from the reconstruction of leader path in the gap axial direction, and the leader propagation path is reconstructed as shown in Fig. 3-d .
IV. DISCUSSION

A. CHARACTERISTIC PARAMETERS OF THE TORTUOSITY OF LEADER PROGRESSION PATH
By the method in the previous section, all the coupled images of the two still cameras and the corresponding photos at the initiation of the final jump from CCD were processed to reconstruct the leader progression paths of 17 recorded shots of the breakdown events. As the methodology was presented in [20] , [29] , the leader tortuosity was described using three different angles between consecutive leader segments s i and s j , as it is shown in Fig. 4 , which can be described as: • αbetween two adjacent leader segments (0, π ) • θ -leader segment inclination with respect to the gap axis; also known as polar angle (0, π )
• ϕ -leader segment projection on a reference plane (e.g. XY), also known as azimuthal (−π , π ) For the sake of comparison, the statistical approach of the three angles is the same as [29] . Once the coordinates of the leader propagation path were obtained and the three angles were calculated using Matlab@, probability density functions -PDF-were fitted with Origin@, including data from all tests for each angle. The fitted PDFs found for angles α, θ and ϕ are presented in Fig. 5 . It can be seen in Figure 5 that the log-normal PDF has a clear mean value for α and θ , having a less disperse distribution for α, if compared with θ . For the VOLUME 7, 2019 ϕ-angle, it can be noticed how the leader drifts away from the reference azimuth 0 • .
B. COMPARISON AND ANALYSIS
The function values found for PDFs presented in Fig. 5 are summarized in Table 1 .
The values reported for these angle in [29] were:
• α: mean value 6.3 • ; standard deviation 34.5 • • θ : mean value 20.9 • ; standard deviation 43.7 • These mean values are nearly half of those estimated in the present work shown in Table 1 . As mentioned in last section, the leader segment length is chosen as ca. 0.02m of leader path, which is the same as [29] . In other words, the resolution of the leader path are the same in the two studies, which is not the cause of the difference. In order to clarify the cause, a sketch map of leader paths and diffused corona region at final jump is used to visualize the constitution of leader channel, illustrated in Fig. 6 . The mean values of length of leader propagation path and LTH, namely L L and L HT , are calculated using Matlab@, which are respectively 2.67 m and 1.98 m. Note that L G represents the mean value of length of leader propagation path in the gap axial direction, which is 2.02 m and shorter than L L . The sketch map of leader propagation path, leader path during final jump and diffused corona region at the initiation of final jump are also shown in Fig. 6 . L HT is nearly half the gap length in the gap axial direction and together with L G is marked in Fig. 6 . It can be speculated that the tortuosity of leader paths during final jump is smaller than that of leader propagation paths. In other words, the leader paths during the final jump are much straighter than those during leader propagation, which is the main reason of the distinct difference between the experiment results in the two studies.
V. CONCLUSION
The leader tortuosity data used in the physical model should just represent the leader propagation path from the view of the discharge physical process. This research work puts forward a new method to subtract final jump part from the whole leader channel and reconstruct the leader propagation path. The mean values of the length of leader propagation path and LTH are calculated, which are respectively 2.67 m and 1.98 m. LTH is nearly half the gap length in the gap axial direction, which is so large that can not be neglected.
By using probability density functions of three different angles along the leader channel, the leader tortuosity difference between the whole leader channel and the leader propagation path is analyzed. The mean values of α and θ in the present work are nearly twice of those estimated in [29] , while the resolution of the leader path are the same in the two studies.
Distinct difference exists in the statistic results of leader tortuosity. The main reason is that LTH is large enough and the leader paths during the final jump are much straighter than those during leader propagation. The present work recommends that the test data of leader tortuosity should just represent the leader propagation path and the final-jump part should be subtracted from the whole leader channel when used in the numerical model for positive long air discharge.
